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HR-MAS NMRIn this work, it is proposed a methodology which allows to differentiate a conventional and a speciﬁc
transgenic common beans, grown in greenhouse or under ﬁeld conditions, based on modiﬁcations in
chemical composition using 1H HR-MAS NMR. It is demonstrated that the inﬂuence of typical variables
from ﬁeld planting conditions had no signiﬁcant inﬂuence on the ability to set apart transgenic from con-
ventional. This methodology was corroborated by multivariate data analysis of the 1H NMR and IR spec-
tra. This study also points out the simplicity of using the HR-MAS NMR technique for food analyses. The
measurement is highly simpliﬁed because it does not require any pretreatment of the sample apart from
the addition of a small amount of D2O necessary to produce homogeneous dough and a ﬁeld frequency
lock. Moreover, due to the high concentration of the sample, measurement time in HR-MAS NMR is very
short.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The common bean or Phaseolus vulgaris L. is an important and
inexpensive source of proteins, carbohydrates, dietary ﬁbres, iron,
complex carbohydrates, minerals and vitamins for millions of peo-
ple both in developed and developing countries (Reyes-Moreno &
Paredes López, 1993). In addition to these nutritional properties,
beans are receiving increasing attention as a functional food which
means foods that are consumed as part of a normal diet and have
demonstrated physiological beneﬁts and/or reduce the risk of
chronic disease beyond basic nutritional functions. Its consump-
tion has been linked to reduced risk of cardiovascular disease, dia-
betes mellitus, obesity, cancer and diseases of digestive tract
(Anderson, Smith, & Washnock, 1999; Hangen & Bennink, 2002;
Viswanathan et al., 1989). The physiological effects of bean con-
sumption may be due to the presence of abundant phytochemicals
including polyphenolics which possess both anticarcinogenic and
antioxidant properties (Cardador-Martínez, Loarca-Piña, & Oomah,
2002).
Brazil and India are the largest producers of dry beans while
China produces the largest amount of green beans, almost as much
as the rest of the top ten growers altogether. In Brazil the national
production was around 3.5 million tons in 2008 (FAOSTAT, 2010).
However, diseases like Bean Golden Mosaic Virus (BGMV), trans-mitted by the whiteﬂy (Bemisia tabaci Gen.), have been one of
the largest constraint to bean production causing severe yield
losses (40–100%) in Latin America. The characteristic symptoms
are yellow–green mosaic of leaves, stunted growth, or distorted
pods (Bonﬁm, Faria, Nogueira, Mendes, & Aragão, 2007). The in-
crease of BGMV in Brazil has been attributed to the rapid expan-
sion of soybean cultivation, being the main host, as much for the
feeding as for the multiplication of the whiteﬂy (Faria & Zimmer-
mann, 1988).
Several strategies have been employed to control the disease.
However, the control measures have been focused primarily on
controlling the vector by contact or systemic insecticides, with
the concomitant problems of development of insecticide resis-
tance, low cost-beneﬁt ratio, and environmental concerns. On the
other hand, genetically modiﬁed events were developed from the
cultivar Olathe Pinto based on the concept of pathogen derived
resistance. One of the events, Olathe 5.1, presented complete resis-
tance to BGMV. Lines from the commercial genotypes Pérola and
BRS Pontal which received the transgene from Olathe 5.1 through
crossing and four backcrossings, also showed complete resistance
to the BGMV. The resistance of Olathe 5.1 is based on the strategy
of small interfering RNA (siRNA) in which a fragment of the rep
gene from BGMV was introduced in sense and antisense interpo-
lated by an intron to facilitate the development of a hairpin RNA
structure and later the small RNAs (Bonﬁm et al., 2007).
Despite the trend in the production of genetically modiﬁed
grains to be in continuous increasing in recent years, little
Fig. 1. 1H HR-MAS NMR spectra of the conventional and transgenic common bean genotypes studied, indicating the differences induced by the transgene at d 6.0–7.9 region.
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transgenic on the metabolite level variations compared to the
non-modiﬁed species. In this context, nuclear magnetic resonance,especially the High Resolution Magic Angle Spinning (HR-MAS)
technique, has been established as a powerful tool in food analyses.
This technique combines the typical advantages of solid and
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Fig. 2. Flavonoids whose productions were incremented in transgenic beans.
R. Choze et al. / Food Chemistry 141 (2013) 2841–2847 2843liquid-state NMR techniques and has recently been reported in lit-
erature as an analytical tool in study for solid food product inves-
tigations without any pretreatment (Brescia et al., 2002; Lião,
Choze, Santos, Ferri, & Ferreira, 2010). The method works because
of the high degree of internal molecular motion of the materials
under study associated with the spinning (around 5 kHz) at the
magic angle (54.7), which has the characteristic of reducing dipo-
lar couplings, chemical shift anisotropies and magnetic susceptibil-
ity effects. The aim is to avoid as much as possible the
manipulation of samples and to obtain spectra with enough infor-
mation. Food material is not really solid; there is always a certain
amount of movement possible. HR-MAS has been widely used in
intact materials such as food, taxonomic classiﬁcation of vegetal
species, tissue and whole cells (Alcantara, Honda, Ferreira, & Ferre-
ira, 2007; Brescia et al., 2002; Broberg, Kenne, & Pedersén, 1998;
Krainer, Stark, Naider, Alagramam, & Becker, 1994).
NMR methods provide information on a wide range of com-
pounds present in the food matrix in a single experiment, offering
advantages in terms of simplicity of sample preparation and short
time of analyses (Le Gall, Puaud, & Colquhoun, 2001). Because of
the richness of informationwhichoften results in high spectral com-
plexity, it requires the use of multivariate data analysis to study the
large number of spectra and extract the meaningful information.
Among others, an unsupervised pattern recognition technique
such as Principal Components Analysis (PCA) is the most often
used method for handling multivariate data without prior knowl-
edge about the studied samples (Miller & Miller, 2000). Its basic
purpose is the reduction of data from linear combinations of origi-
nal variables (Martens & Naes, 1989, pp. 97–108).
The purpose of the present study was to develop a methodology
to allow distinction between conventional and a speciﬁc transgenic
common bean according to the modiﬁcation in chemical composi-
tion using nuclear magnetic resonance, in particular the HR-MAS
technique. This study also evaluates two bean lines, namely BRS
Pontal 5.1 and Pérola 5.1 which received the transgene from cross-
ings with Olathe 5.1, and four backcrosses to the commercial plant
type.
Traditionally, detection methods for GMOs are based on DNA
from the transgene introduction or alternatively, it is based on
the detection of protein from the introduced trait. Because this
speciﬁcally transgenic common bean does not introduce any new
protein (the new trait it is actually based on siRNA), we were inter-
ested in the genetic content itself, and therefore using the embryo
we would maximise the chance of seeing differences solely based
on DNA. Researchers interested solely in the composition, on the
other hand have used the whole seed in their analysis, such as re-
ported by Lin, Harnly, Pastor-Corrales, and Luthria (2008).2. Materials and methods
2.1. Bean seeds
All seeds utilised in the studies were harvested from plants
grown under greenhouse conditions, unless otherwise speciﬁed.Transgenic plants from each genotype and its isoline (conven-
tional, parental line) were grown side by side, therefore under
identical experimental greenhouse conditions at Embrapa Rice
and Beans Research Center located in Santo Antônio de Goiás, Goiá-
s, Brazil. Seeds from genotypes Olathe Pinto, Pérola and BRS Pontal
which are conventional bean genotypes and their respective trans-
genics isolines Olathe 5.1, Pérola 5.1, and BRS Pontal 5.1, were
studied. To verify if the environment in which the plants were
grown would inﬂuence the results, Olathe Pinto and its transgenic
isoline Olathe 5.1 were grown under ﬁeld conditions at three dis-
tinct regions of the Brazil: Santo Antônio de Goiás – Goiás (Cen-
tral-West – 16300S, 49170W) Londrina – Paraná (South –
23110S, 51100W) and Sete Lagoas – MG (Southeast – 19260S,
44090W).2.2. Sample preparations
Fifty of each genotype embryos were removed from the seeds
and powdered in liquid nitrogen to obtain representative particles
of uniform size and 15 mg of each one were separately suspended
in D2O (deuterium oxide) to complete a total volume of 50 lL. The
complete embryo was chosen due its property of carrying the ge-
netic information as compared to the endosperm, which is reserve
tissue, and an attempt to avoid the high contents in polyphenolic
compounds from the tegument part (Aparicio-Fernandez, Manzo-
Bonilla, & Loarca-Pina, 2005).2.3. 1H HR-MAS NMR spectra
1H HR-MAS NMR measurements were performed at 28 C on a
Bruker Avance III 500 spectrometer equipped with a 4 mm HR-
MAS probe head and a 50 lL spherical zirconium rotor. The pow-
dered samples were suspended in a solution of sodium-3-trimeth-
ylsilylpropionate (TMSP-2,2,3,3-d4) and D2O (0.1 m/v). The spectra
were recorded in quintuplicate using 5 kHz spinning speed, the
Carr–Purcell–Meiboom–Gill (CPMG) and a composite pulse presat-
uration (CPPR) sequences for water signal suppression. Two hun-
dred and ﬁfty six (256) free induction decays (FIDs) were
collected into 64 K data points using a 6.9 ls pulse width (90
pulse angle), spectral width of 8012.80 Hz, relaxation delay of
2.0 s and an acquisition time of 4.09 s. The FIDs were zero-ﬁlled
and an exponential weighing factor corresponding to line broaden-
ing to 0.3 Hz was applied.2.4. Infrared spectra
Infrared spectroscopy (IR) measurements were performed at
room temperature on a Bomem FT-IR, model MB-100, spectrome-
ter in 4000–400 cm1 region with 32 scans at 5 cm1 resolution.
Pellets were prepared from 1 mg of powdered beans ﬁnely grinded
with 100 mg of KBr (potassium bromide), pressed with 12,000 psi/
min to form a translucent pellet.2.5. Chemometric analysis applied to 1H NMR spectra
All calculations were carried out using the Pirouette software (v.
4.0, InfoMetrix, USA). The NMR spectra were transformed into AS-
CII ﬁles and data matrix was built with 9820 variables (columns)
and 30 spectra (lines – 6 samples in quintuplicate). Principal Com-
ponent Analysis (PCA) was applied for exploring the data. Each
NMR spectrum was normalised to norm one (the area under the
sample proﬁle is set equal to one) and ﬁrst derivative was taken.
The PCA analysis included the entire spectral region, except
NMR signals of the sodium-3-trimethylsilylpropionate and water.
Fig. 3. 1H HR-MAS NMR spectra of the Olathe Pinto and Olathe 5.1 ﬁeld grown in Santo Antônio de Goiás – Goiás (Central-West), Londrina – Paraná (South) and Sete Lagoas –
MG (Southeast).
2844 R. Choze et al. / Food Chemistry 141 (2013) 2841–2847
Table 1
Quercetin and myricetin contents in transgenic and conventional beans.
Bean cultivars Contents in 1 g of seeds*
Quercetin Myricetin
Olathe Pinto 0.0659 ± 0.0002 0.0591 ± 0.0003
Olathe 5.1 0.2987 ± 0.0002 0.2418 ± 0.0002
Pérola 0.0556 ± 0.0004 0.0418 ± 0.0003
Pérola 5.1 0.2690 ± 0.0002 0.2502 ± 0.0004
BRS Pontal 0.0460 ± 0.0001 0.0399 ± 0.0003
BRS Pontal 5.1 0.2510 ± 0.0001 0.2408 ± 0.0001
* Five samples were used in each analysis.
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Fig. 4. Representation of conventional and transgenic common beans in PCA
analysis.
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3.1. 1H NMR analysis
Preliminary analysis of samples comparing CPPR and CPMG se-
quences for water suppression showed that the best results were
obtained utilising the CPPR sequence. This sequence also presented
the best results to differentiate the bean genotypes when applying
the chemometric analyses.
Transgenic common bean lines and their genetically unmodi-
ﬁed controls were analysed by 1H HR-MAS NMR. The spectra of
the conventional and transgenic Olathe Pinto showed impressive
differences in signals intensities on d 6.0–7.9 region (Fig. 1). In this
region typically appear the signals of ﬂavonoids, a very common
class of compounds in bean seeds (Lin et al., 2008). Similar results
were also observed in 1H HR-MAS NMR spectra of the genotypes
Pérola and BRS Pontal, however in lower contents than Olathe
Pinto.
The spectra of the genetically modiﬁed bean lines Pérola 5.1 and
BRS Pontal 5.1 showed the same signal pattern observed in Olathe
5.1. This fact strongly suggests that the transgene present in Olathe
5.1, which was transferred to Pérola and BRS Pontal through four
backcrosses, was the responsible for the unexpected higher con-
tent of ﬂavonoids in the transgenic samples than the amounts ob-
served in the conventional ones (Fig. 1).
In 1H HR-MAS NMR spectrum the signals of two doublets at d
6.15 and 6.25 (2.0 Hz) and a singlet at d 11.2, characteristic of
quelated hydroxyl were observed, suggesting ﬂavonoid com-
pounds with A ring oxidised in carbons 5 and 7. Two doublets at
d 7.86 (J = 2.4 Hz, H-20) and 6.97 (J = 8.0 Hz, H-50), beside the dou-
ble–doublet at d 7.63 (J = 8.4 Hz and 2.0 Hz; H-60) suggested a tri-
substituted B ring. In the g-HSQC experiment the cross-peak of
H-6 (d 6.15) with C-6 (d 98.5) and H-8 (d 6.25) with C-8 (d 94.1)
suggested the ﬂavonoid quercetin (Agrawal, 1989, pp. 135 and
155), a typical compound in beans (Lin et al., 2008; Fig. 2). This
proposal was conﬁrmed by the g-HMBC spectrum by cross-peak
of d 7.86 (H-20) with d 146.6 (C-30) and d 147.8 (C-40).
A singlet at d 7.15, observed in the 1H HR-MAS NMR spectrum
for second compound, suggested a B ring tetraoxidised. The g-
HMBC spectrum supported this information by cross-peak of d
7.15 (H-20) with d 146.1 (C-30), d 138.1 (C-40) and d 145.8 (C-50),
locating the hydroxyl groups in positions C-10, C-30, C-40 and C-50.
The cross-peaks of d 6.15 with d 99.5 (C-6) and d 6.25 with d
93.5 (C-8) were observed in the g-HSQC spectrum. Altogether these
data converge to myricetin (Agrawal, 1989) a common ﬂavonoid in
beans (Lin et al., 2008; Fig. 2).
The 1H HR-MAS NMR spectra, especially on ﬂavonoids hydrogen
resonances (d 6.0–7.9) of Olathe Pinto and Olathe 5.1 grown both
in ﬁeld and in greenhouse conditions presented similar chemical
proﬁles (Fig. 3). Thus, it was observed that typical variable inﬂu-
ences of ﬁeld planting conditions such as temperature, presence
of pests, moisture, soil fertility, etc. have no inﬂuence on ﬂavonoid
contents. On the other hand, glycosidic hydrogens region attrib-
uted to b- and a-glucose at d 4.7–4.9 and d 5.2–5.3, respectively,
showed higher variations. Seeds from Olathe Pinto grown in Lond-
rina (South) presented the highest content of these carbohydrates,
while the bean grown in Santo Antônio de Goiás had the lowest
quantities of these compounds (Fig. 3), regardless of transgenic
or conventional origin.
Quantitative NMR is a powerful tool by providing simultaneous
access to both the qualitative (chemical structure) and the quanti-
tative information. In this attempt, quantiﬁcation of ﬂavonoids by
1H NMR was carried out using the known TMSP-d4 concentration
related to H-8 (d 6.15) myricetin and quercetin peak areas to deter-
mine relative mass. The results are presented in Table 1 where thehighest ﬂavonoid contents were quantiﬁed in the transgenic bean
cultivar samples (a = 0.05).3.2. PCA analysis applied to 1H NMR spectra
In order to obtain a tool that allows us to identify conventional
and transgenic common beans corroborating the NMR distinction,
an unsupervised method, PCA, was applied to further explore the
data. A model using two principal components was built and 93%
of the variance of the data was explained. The ﬁrst principal com-
ponent (PC1) described 87% of the variance, whereas the second
component (PC2) described an additional 6%. The ﬁrst PC is an
accurate representation of the clustering of the beans according
to the differences in origin. The grouping of the samples, according
with their scores was plotted for the two components, and is
shown in Fig. 4.
The NMR and PCA analyses conﬁrmed the similarities in chem-
ical proﬁles among the genotypes Olathe Pinto, Pérola and BRS
Pontal as well as for the lines Olathe 5.1, Pérola 5.1 and BRS Pontal
5.1, suggesting a natural grouping according to being transgenic
and conventional origin. The examination of the loadings in PCA
analysis is useful to understand the main markers responsible for
the event. The inspection of the positive scores of PC1 conﬁrmed
that the transgenic samples had higher amounts of ﬂavonoids, on
the basis of the corresponding loading graph where the region of
the spectrum who contributed to this differentiation is closely re-
lated with the typically hydrogen resonances of ﬂavonoids. The
Olathe 5.1 line showed the largest amount of these compounds.
On the other hand the negative scores of PC1 showed a ten-
dency to grouping of conventional cultivars, especially the cultivar
Olathe Pinto, which has the highest content of ﬂavonoids. This
information is corroborated by the visualisation of 1H NMR spectra
of the beans.
Distinction between conventional and transgenic cultivars
when grown in a greenhouse or in ﬁeld conditions was also
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Fig. 5. PCA analysis of conventional and transgenic cultivars produced in ﬁeld
conditions at Santo Antônio de Goiás – Goiás (Central-West), Londrina – Paraná
(South) and Sete Lagoas – MG (Southeast).
2846 R. Choze et al. / Food Chemistry 141 (2013) 2841–2847evaluated by PCA analysis, and similar results were observed
(Fig. 5). The distinction of the transgenic event was demonstrated
by PC1 scores. This analysis corroborates the NMR information that
the variables from ﬁeld planting conditions had similar impacts on
both transgenic and conventional bean genotypes.
The examination of the loadings in PCA demonstrated that the
variable with the highest inﬂuence on the separation between
transgenic and conventional beans were the ﬂavonoid signals.
The variation on glucose content observed on PC2, and which
showed the highest concentration of and -glucose, was observed
in samples from Londrina. This information is in agreement with
NMR observations.3.3. PCA analysis applied to IR spectra
Infrared spectroscopy is a simple and reliable technique widely
used in metabolomics (Pavlík, Pavlíková, & Vašícˇková, 2010). In this
way it was applied to evaluate NMR methodology proposed to dis-
tinguish transgenic and conventional beans. Five samples for each
transgenic and conventional bean cultivars were evaluated and
their spectra submitted to analyses by chemometrics using an
unsupervised method, PCA. The ﬁrst analysis included the entire
spectral region, except IR signals of the water. The examination
of the loadings in PCA demonstrated that the variable with the
highest inﬂuence on the separation between transgenic and con-
ventional beans were located in 1750–1650 cm1 and 1200–
700 cm1 regions, typical of C@O stretch and ﬁngerprint region
of ﬂavonoid compounds. Chemometric analysis using these regions
resulted in a distinction between transgenic and conventional bean
cultivars (Fig. 6) corroborating the separation proposed by 1HPC
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Fig. 6. PCA analysis of conventional and transgenic cultivars by IR spectroscopy,
selecting 1750–1650 and 1200–700 cm1 regions.HR-MAS NMR. Comparatively the best results were observed in
NMR technique.4. Conclusions
In this article, we demonstrate that it is possible to evaluate the
genetic modiﬁcation by comparing the presence of metabolites be-
tween the genetically modiﬁed and non-modiﬁed specimens of the
same genotype (equivalence). We also demonstrated that the inﬂu-
ence of typical variables of ﬁeld planting conditions had no signif-
icant inﬂuence on ﬂavonoid contents, responsible to distinguishing
transgenic from conventional beans. The methodology employing
1H HR-MAS NMR has, thus, demonstrated to be a powerful tool
to distinguish between conventional and transgenic common
beans. This methodology was corroborated by multivariate data
analysis of the 1H NMR and IR spectra. This study also emphasises
the remarkable advantage in using the HR-MAS NMR technique for
food analyses on the basis that the measurement is highly simpli-
ﬁed since it does not require any pretreatment of the sample apart
from the addition of a small amount of D2O necessary to produce
homogeneous dough and a ﬁeld frequency lock. Moreover, through
this technique it was possible to identify and quantify the chemical
compound whose levels were increased and due to the high con-
centration of the sample the measurement time in HR-MAS NMR
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